Switched reluctance motor (SRM) is gaining much interest in industrial applications such as wind energy systems and electric vehicles due to its simple and rugged construction, highspeed operation ability, insensitivity to high temperature, and its features of fault tolerance. With continued research, different topologies have emerged presenting less torque ripple, high efficiency, high power factor, and high power density. However, there has always been a trade-off between gaining some of the advantageous and losing some with each new technology. In this chapter, various SRM topologies, design, principle of operation, and respective phase switching schemes are extensively reviewed, and their advantages and drawbacks are discussed. On the other hand, some of SRM limitations (such as excitation penalty, control complexity, noise, and vibration) have prompted research into the incorporation of permanent magnets into the basic SRM structure, and therefore, the chapter also includes discussion on a new class of SRM with permanent magnet assist (PM-assist) called doubly salient permanent magnet (DSPMM). The DSPM motor incorporates the merits of both the PM brushless motor and the SRM.
Introduction
The original idea of switched reluctance motors (SRMs) dates back to 1814; however, these motors were reinvented and came into practical use in recent decades in line with the development of power electronic devices. Switched reluctance motors have salient poles in both the rotor and the stator and act as a single-excited configuration with inactive (coil-free) rotors. The stator has a centralized winding system with multiple phases. The coils are fed regularly and sequentially from a DC power supply, and thus, they generate electromagnetic torque. Because of their simplicity and structural strength, SRMs have been of great interest in the past two decades, and they are expected to find broader applications in terms of price and quality compared to other motors. In addition, many studies have been carried out to enhance the performance of these motors as potential alternative to AC (asynchronous and synchronous) motors. At present, switched reluctance motors are in their infancy in commercial terms, but it is expected that they will be used more widely in the near future [1] .
SRMs can be considered a stepping motor in type. However, important differences in their configuration and methods used to control them have placed switched reluctance motors into a separate category. The most important differences between SRMs and variable stepper reluctance motors are as follows:
• SRMs have much bigger steps but much fewer poles than steppers.
• SRMs have a closed-loop control system while steppers have specific steps and operate without the use of feedback and in an open loop.
Like other reluctance motors, SRMs usually have no magnets in the rotor and stator, and thus, they enjoy a simple, cheap, and firm structure. However, a small amount of permanent magnetic materials is used in some types of these motors to improve their torque. The number of the ratio of stator poles to rotor poles used in SRMs is rather limited, the most common of which are 4:6 and 6:8, each with its own possible multipliers. It should be noted that each pair of coils facing each other makes up a phase. Therefore, for 4:6 and 6:8 ratios, there will be three phases and four phases on the stator, respectively. Figure 1 depicts a three-phase and four-phase SRM [2, 3] .
In two-phase structures, the problem of nongeneration of the starting torque is solved by the stepping or asymmetric nature of the aerial gap, but the problem of the high-torque ripple remains unsolved. Generally, two-phase structures best suit high-speed applications and the structures for which the drive and coil cost is an issue. The three-phase structure is one of the most widely used structures, and the four-phase structure is used to reduce torque ripple [1, 2] .
Depending on their applications, SRMs are produced within a wide range of structures. Figure 2 presents a classification of these motors based on their movement patterns, flux path, and type of excitation, each being examined in the following sections. 
Structural and operational concept of switched reluctance motor
SRMs have a laminated rotor and stator with N s ¼ 2 Â m Â q poles in the stator and N r poles in the rotor (m stands for the number of phases and q¼1, 2, 3, …). Each phase has a centralized coil on the stator poles. The 6:4 three-phase and 8:6 four-phase structures are among the most common SRM structures (with the first number representing the number of the stator poles and the second number showing the number of the rotor poles), as shown in Figure 3 These two configurations have a constant (q ¼1), showing that two centralized coils are placed on a pair of poles in each stator phase. Of course, q can be equal to 2 or 3 too, as in 8:12 or 12:18 threephase configurations which are used in both high-speed, high-torque motors and high-speed generator systems. In addition, to avoid forming zero-torque areas, the same angles (βs ¼ βr)are preferably chosen for the stator and rotor poles [4] .
Because of the symmetry of the SRM magnetic circuit, the phase flux linkage is zero even under saturation conditions. Therefore, if a motor phase is short-circuited, the motor is still able to operate with m À 1 phases. In this case, due to the lack of mutual induction, no voltage or current is generated in the short-circuited phase. As a result, SRMs are more resistant to faults than other AC motors that operate based on the phase interaction. Besides, self-inductance plays a key role in producing torque in SRMs. In the absence of saturation, self-inductance for each phase changes linearly based on the rotor position, while as the core is saturated, self-inductance changes in a nonlinear fashion, as illustrated in Figure 4 .
If flux λ is calculated in different rotor positions and is plotted in terms of the current, a class of λ(θ r ,i) curves will be obtained as shown in Figure 5 . The saturation effect is clearly evident in this figure. Saturation can also be observed even in well-designed motors [4] .
If the W mc (θ r ) co-energy is known, the moment torque of T e (i) phase can be calculated through Eq. (1):
T e i ðÞ¼ ∂W mc θ r ðÞ ∂θ r i¼cons:
To calculate Eq. (1), the class of λ(θ r ,i) curves needs to be calculated via Eq. (2) as follows:
The moment torque can be measured through Eq. (3) in cases when there is no saturation:
Ideally, when the rotor poles are placed between the two poles of the stator, the phase is excited in the same direction to create motoring function. This is shown in Figure 6 where the voltage pulse is only applied for conduction angle θ ω ¼ θ c þ θ. Excluding the ohmic voltage drop and taking the speed ω r as constant, the maximum phase flux linkage (λ max ) is calculated as follows:
The maximum θ ω for θ ¼ 0 (the zero-pre-phase angle) is determined based on the design using Eq. (5):
The base speed corresponds with θ ω max conditions, single pulse voltage applied with amplitude V d , and the maximum phase flux linkage. Therefore, it can be suggested that the base speed is dependent on the motor design and the saturation level. As the speed outpaces the base speed, the motor magnetic circuit is saturated.
For speeds higher than the base speed (ω r > ω b ) θ ω should decrease slightly, and subsequently, the maximum phase flux linkage (λ max ) should be reduced to a certain amount, a phenomenon known as flux attenuation. In addition, in speeds above the nominal speed, in order to achieve the maximum phase flux linkage (λ max ) at a smaller θ c angle and the maximum phase flux linkage (λ max ) at a smaller θ c angle, and ultimately to generate more torque, the phase firing angle (θ on ) should be leading compared to normal conditions. Therefore, the envelope of the torque-speed curve increases accordingly. On the other hand, the phase deactivating process starts at θ c ≤ θ m and ends in the generating zone at θ off . A decrease in θ off -θ m angle will reduce the share of negative torque in the deactivating process. In practice, if at θ r ¼ θ m the current value is less than 25-30%, the effect of negative torque will be insignificant [4] .
When a phase is cut at an angle θ c , the other phase turns on and thus the total rate of the torque caused by the interruption of the current in the previous phase is reduced through generating a positive torque.
It is now clear that the magnetic energy of each phase at the conduction time first increases and then decreases. This phenomenon is repeated in each mechanical round for m Â Nr times. At each stage, a part of the magnetic energy is wasted by electronic power converters, and the rest is returned to the DC link and the capacitor of the converter filter. Below the base speed ω b , current is controlled and restricted by pulse with modulation (PWM) converter as shown in Figure 7 .
It should be reminded that the conduction time lasts near the angle θ m , at which the inductance phase angle is maximum. As it was mentioned earlier, the firing phase angle at high speeds is θ on and the turn off angle is θ c leading.
The average torque and the energy conversion rate
Magnetic energy conversion levels in both cases of the single voltage pulse ( Figure 6 ) and the PWM current and voltage ( Figure 7 ) are shown on λ(θ r ,i) curves in Figure 8 (a) and (b), respectively [4] .
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It should be noted only one phase of SRM conducts at each moment.
SRM generator function
SRM generator function is slightly more complicated. General principles and strategies for SRM generating mode are described in Ref. [5] . The motor and converters used in this method are shown in Figure 9 .
To evaluate the generating mode, it is assumed that the generator rotor is rotated anticlockwise by an external torque. In this situation, consider a time when poles 1,1 0 are facing poles A 1 ,A 3 and poles 3,3 0 are facing poles A 2 ,A 4 and the switches S 1 ,S 2 are closed. In this case, the inductance is at the maximum level and a magnetic flux is generated by the battery in the core. When this happens, the external mechanical torque rotates the rotor and pulls the poles apart, and thus, the inductance is increased. According to minimum reluctance theory, the motor tends to maintain the minimum reluctance, and thus, a torque is generated in the opposite direction of the mechanical torque; thus, the mechanical energy is stored as the magnetic energy in the stator winding. When the rotor reaches a certain angle, switches S 1 ,S 2 are opened and the current flows through freewheeling diodes into the battery and is stored there [5] [6] [7] .
SRM equivalent circuit
Due to the extreme effects of high saturation on λ(θ r ,i) class curves, the mathematical model of the motor is highly nonlinear. However, as the interoperability among phases is insignificant, Switched Reluctance Motor -Concept, Control and Applications the cumulative effects of phases torque can be used to calculate the motor torque. An SRM has two saliences in its structure, so we have to use the motor equations in the stator phase frame [4] . The voltage equation is expressed as follows:
where λ a, b, c, d θ r ,i a, b, c, d ðÞ curves are obtained using curves for a phase periodically with the π/N s alternation. These curves can be obtained through calculation or experiments. For this purpose, finite element method or analytical techniques can be used. In addition, considering the effects of magnetic saturation and air gap flux distribution is required in all of these techniques. The motion equation is stated as follows:
where
If the subscript i use to refer to the active phase, then Eq. (7) can be rewritten as follows:
The ∂λ i ∂i term shows the transient inductance (L t ). Thus, we have:
The last term in Eq. (10) shows the motoring induction voltage (E):
Accordingly, Eq. (10) is rewritten as follows:
Based on this equation, an equivalent circuit with time-dependent parameters can be introduced for SRMs as shown in Figure 10 .
Assuming that the core loss is only due to the main flux component, the core loss can be modeled by variable resistors parallel with the E i . This motor does not operate based on a rotating field and the core loss occurs in both the rotor and the stator [4] .
Taking into account, the energy loss especially at high speeds is required not only to calculate the efficiency but also to evaluate and calculate the transient current response. The operating time of SRMs is generally very high in saturation conditions. In addition, E(ω r , θ r , I i ) in Eq. (12) is a pseudo emf that contains the terms related to the stored energy. So in this case, the torque should be calculated only through the co-energy equation.
SRM categories
As shown in Figure 3 , SRMs can be categorized into different groups based on their movement patterns and flux paths. This section presents a categorization of SRMs.
Linear-switched reluctance motors
Linear-switched reluctance motors (LSRMs) are similar to conventional SRMs in their structure except that their rotor and stator are cut open taking a linear form ( Figure 11) . One of the applications of these motors is in electric trains and subways. Figure 10 . SRM equivalent circuit based on the core loss. Figure 11 . LSRM structure.
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Axial-flux switched reluctance motors
In these motors, the flux path is aligned with the motor axis, and they are used for cases where the motor length is of high importance and the motors with a small length and high torque are preferred for applications such as air conditioning fans and electric vehicles. Figure 12 displays the configuration of an axial-flux switched reluctance motor.
Radial-flux switched reluctance motors
Radial-flux switched reluctance motors are the most common structure among SRM structures, and they are divided into two categories:
• Conventional switched reluctance motors: in this structure, the facing poles are connected in series to form a phase.
• Short-path switched reluctance motors: in this structure, the adjacent poles are connected in series to form a phase.
The conventional SRMs are introduced in the first section of this chapter. Other configurations are discussed in the following sections.
Short-flux path SRM
In the short-flux path SRM, the returned flux does not pass through the entire stator yoke, and thus, flux path is shortened, reducing the core loss. Figure 13 shows a short-flux path SRM.
The most common problems with this configuration are the high mutual inductance and the imposition of asymmetric magnetic fractions.
Another type of motors with a short-flux path is the common pole E-core SRM as shown in Figure 14 . As it can be seen in this figure, this motor has three poles on the stator in which the middle pole lacks winding. In fact, this structure has two phases on the stator, and the middle pole is the shared pole between the two phases and its task is to create a path for the passage of flux. In addition, the shared pole does not play a role in reluctance changing due to its width [8, 9] . Figure 15 displays the functioning and flux path in a common pole E-core SRM. As it is shown, this structure has a short-flux path. To make this type of structure enable to generate torque, at least an E-core must be used in the stator so that it can rotate the rotor. However, two E-cores are usually used in the stator because when a single E-core is used it applies an asymmetric axial force to the rotor axis and the motor does not function properly. Therefore, a two E-core stator is employed, as shown in Figure 15 . Increasing the number of E-shaped parts in the stator increases the torque and power produced by the motor [10] [11] [12] .
However, a stator with separate parts is not commonly used in common pole E-core SRMs as putting together these parts and preventing their vibration and displacement are a difficult task. Besides, any structural changes may lead to asymmetrical operation. Therefore, the stator of these motors is usually constructed based on integrated 4-E-core motors. Figure 16 shows a 4-E-core SRM:
PM-assisted SRM
Because of their own advantages, SRMs have attracted the attention of many industries in recent years. However, these motors suffer from some drawbacks and common problems such as low power and torque density, the complexity of control methods, acoustic noises, and losses related to current excitation. For this reason, some efforts have been made in recent years to use permanent magnetic materials in SRMs. This has led to the emergence of a new configuration called doubly salient permanent magnet motor (DSPMM), which shares the same configuration and functionality of conventional switched reluctance motors and at the same time contains permanent magnet materials in the stator. In many studies, DSPMMs have been considered as a subset of permanent magnet motors. However, as they share the same configuration in the rotor and stator and functionality with SRMs, they have been studied under the category of permanent magnet (PM)-assisted SRMs. This section will examine some of the PM-assisted SRMs, their operating principles, and some of their advantages and disadvantages listed in the literature [2, 13, 14] . This is a common configuration among doubly salient permanent magnet motors (DSPMMs). Even though the rotor and stator are salient poles, the magnetic torque overcomes the reluctance torque, and thus, the generated cogging torque is not considerable. Since with the rotation of the rotor, the linkage flux in each of the coils changes only in one direction, the biggest problem with these motors is the low-torque density caused by the unidirectional flux linkage in each of the coils. Figure 17 shows two versions of this type of motor [15] .
The only advantage of the configuration shown in part (b) compared to the configuration in part (a) is that the former contains more magnetic materials and thus its flux density will be greater. The configuration shown in part (b) is called the yoke linear magnet, and the configuration in part (a) is called the yoke curved magnet [15] .
Flux-switching motors
In this configuration, each stator tooth is made of a magnet and two adjacent layers of magnetic core. As shown in Figure 18 , the stator structure consists of separate U-shaped parts which are Figure 16 . A common pole E-core SRM configuration.
Switched Reluctance Motor -Concept, Control and Applications sandwiched by two adjacent magnets. Figure 18 shows a constituent cell of this type of motors. A complete motor is formed by putting together a given number of these cells [15, 16] .
As shown in Figure 19 (a), the flux generated by the magnet is aligned with the flux produced by the coils, and thus, they reinforce each other and, consequently, a great torque is generated. As the rotor rotates to the right, the rotor teeth are moved and the motor is in position (b). In this position, with switching the direction of current in the coil, the fluxes generated by the magnet and the coil are aligned again and they reinforce each other. Therefore, as the direction of the current is switched alternately in the coils, a stable torque will be produced for rotation of the rotor. Figure 20 displays several other configurations for flux-switching motors [15] [16] [17] [18] .
Flux reversal motors
These motors have a structure that is similar to SRMs with the difference that there is a magnet with different polarity on each pole. Besides, the flux within each coil can be bi-directional in these motors. Since the linkage flux is steadily reversed as the rotor rotates, these motors are called flux reversal permanent magnet motors. In this structure, each stator tooth has a dipole magnet which is placed on the tooth surface. These motors generate a greater torque because of bi-directional linkage flux of each coil. However, it should be noted that as permanent magnets are placed on the surface of tooth, they are more vulnerable to mechanical damages and may lose their magnetic properties. In addition, there are a significant amount of eddy current losses in the permanent magnet materials. Figure 21 shows an example of this structure [13] . To explain the principle of operation, a simple single-phase structure of such a motor is illustrated in Figure 22 . Position (a) in this figure is a state of equilibrium in which the rotor remains fixed until the stator windings are excited in the direction of current shown in position (a). The excitation current strengthens the flux of one magnet while attenuates the flux of another magnet which places the rotor in position (b). At this moment, the stator current is disconnected and the rotor moves to the next equilibrium state in position (c). As the current is connected in an opposite direction to position (a), the rotor position is placed in position (d) through the generated flux. The nonstop repetition of these steps will produce torque in the motor. It should be noted that the linkage flux in positions (a) and (c) is at the lowest levels, while it is at the highest level in both positions (b) and position (d) in the positive and negative direction, respectively, as shown in Figure 22 [13, 15, 19 ].
Hybrid-excited DSPM motors
In this type of motors, the permanent magnet excitation is combined with electrical excitation in the coils and creates an electric field. Hybrid-excited field provides attractive features to these motors and makes them a perfect choice for use in systems such as wind turbines and electric vehicles. Some of these features include:
• The possibility of controlling the air gap flux by changing the polarity and size of the DC current in the excitation coil.
• By strengthening the field, the motor will be able to produce an extremely high torque when necessary.
• By attenuating the field, the constant power zone of the motor is extended and creates a wide speed range.
• By the appropriate adjustment of the air gap flux density, it will be possible to produce a constant output voltage for the generating mode of the motor while the speed of the generator may undergo many changes.
• By the appropriate adjustment of the air gap flux density, it will be possible to create efficiency optimization control (EOC) whi c hi nt u r nm a k e si tp o s s i b l et oo p t i m i z e the efficiency of the motor during operation. This feature is very prominent because the efficiency of the motor is maintained at an acceptable level at all possible speeds. Figure 23 shows the structure of a hybrid-excited motor. The structure of the rotor and stator poles in this motor is exactly similar to that of a conventional SRM. However, there are some permanent magnet materials and two coils with DC excitation current in the stator. By changing the DC current in the coils, it is possible to control the excitation flux. This makes it possible to control the motor through simple techniques. This structure is called stator doubly fed doubly salient configuration. Because of the existence of DC excitation coils on the stator, these motors produce a high flux leakage, which is regarded as a serious drawback for these motors [20] [21] [22] .
Common pole PM-assist SRM
Ref. [23] introduces a common pole PM-assist SRM, which has a permanent magnet in the excitation pole. Figure 24 shows the flux path in these motors when energizing phases. As it can be seen in this figure, the flux path is designed in a way that, during energizing each phase, the fluxes generated by the coil and magnet are aligned with and reinforce each other. One advantage of this structure is that because of the presence of common poles between phases, the flux path does not allow the reverse flux to pass through the permanent magnet, and therefore, there is no risk of losing the magnetic flux of magnets in this structure. In this structure, two magnet blades are placed in excitation poles as shown in Figure 24 .
One of the effective parameters in increasing the torque produced by the motor is the distance between the two magnet blades. As the distance between the blades increases, the generated torque will also increase. Therefore, the wider the poles, the greater the generated torque will be. Another parameter affecting the torque is the width of the blades as studied in Ref. [23] .
Another similar structure is introduced in Ref. [24] , with the only difference the blades of the permanent magnet are in the common poles, as shown in Figure 25 . Given the greater width of the common poles in this structure, the use of magnet blades in these poles is more practical and provides further improvement in the motor performance. These two structures have been studied from different perspectives in Ref. [25] . Generally, it can be concluded that these two structures have a superior performance over the structure that lacks magnet. Ref. [8] introduces another configuration of PM-assisted SRMs in which the magnet is placed on the outer surface of the common poles, illustrated in Figure 26 . The biggest advantage of the structure shown in Figure 26 is the integrity of the stator compared to the previous structure, which improves the motor strength and performance. But this structure also has a big problem that is related to the location of magnets. If the thickness of the magnet is increased to enhance the flux density, the torque will not increase. This is because as the air gap in the common poles increases, the motor reluctance also increases which decreases the reluctance torque. Therefore, it is possible to use small amounts of permanent magnet materials in this structure. 
Single-phase SRM
Because of their simple structure and low production and maintenance cost, single-phase switched reluctance motors are very appropriate for high-speed applications. When the rotor and stator poles are aligned, the excitation of the stator and rotor poles is interrupted and the rotor continues to move because of the kinetic energy stored in it. When the rotor and stator poles are not aligned, the excitation of the stator windings is resumed and it applies an electromagnetic torque to the rotor. The main problem with this structure is that if the rotor at starting point is in a position where the poles are aligned, the starting torque is not generated and the motor is not able to move. This problem makes these motors inefficient, and they are not used in practice. Figure 27 shows a very simple single-phase SRM in which the problem of the lack of torque in alignment position is almost solved by placing a permanent magnet on the stator in order to prevent the alignment of the poles in the static mode [4] . These motors have a high-torque ripple and acoustic noise. Thus, they are suitable for use in equipment and tools that are not very sensitive to torque ripple such as home appliances.
Single-phase SRMs have an equal number of poles in the rotor and the stator (2:2 or 4:4). The possibility of a pause in the self-starting position has led to their widespread use in home applications and vehicle parts with a torque less than 1 Nm.
Double stator-switched reluctance motor (DSSRM)
A qualitative investigation of tangential and normal force densities in electromechanical energy conversion process and the energy conversion process within SRM were presented in [26, 27] . A review of the literature indicates that the majority of the electromagnetic forces that are generated within a conventional SRM are in the radial/normal direction (perpendicular to the direction of motion) and do not contribute to the motion. In fact, a significant part of these forces will initiate undesirable vibrations that have been identified as a major drawback for SRM drives.
It is desirable to generate a larger percentage of the electromagnetic forces that are effectively acting in the direction of motion. Based on these guidelines, double stator-switched reluctance Figure 27 . A single-phase SRM with a permanent magnet to prevent the alignment of poles in static mode.
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Conclusion
This chapter presented a comprehensive technology status review highlighting structural and operational concept of SRM, its equivalent circuit model, advantages and drawbacks of each topology as well as recent trends in incorporating PMs in the motor design to boost the overall performance of the motor. The chapter also covers a new class of SRM with double stator geometry. Unlike conventional design in which majority of the electromagnetic force is applied in radial/normal direction (hence not contributing to the motion), double stator design offers a much more efficient configuration in terms of generation of motional forces and exhibits superior performance indexes as compared to conventional design and as such is viewed as a serious contender for high-grade industrial applications. 
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